Rhizogenic agrobacteria induce extensive root proliferation, in several economically valuable, dicotyledonous plant species, a phenomenon referred to as "hairy roots." Besides their pathogenic nature, agrobacteria have proven to be a valuable asset in biotechnology and molecular plant breeding. To assess the potential of frequently used rhizogenic strains, growth in yeast extract glucose broth and antibiotic resistance was analyzed. Growth curves were established for Arqua1, NCPPB2659, LMG150, LMG152, and ATCC15834; and regression analysis of the exponential growth phase resulted in a reliable and standardized method for preparation of a bacterial suspension for inoculation. Cell density did not correlate with the timing of hairy root emergence. The highest number of hairy roots was obtained with an inoculum of 1 × 10 8 CFU ml −1 for Arqua1, NCPPB2659, and LMG152. Cell density of ATCC15834 did not affect the number of hairy roots formed. The identity of the rhizogenic strains for plant transformation was verified in phylogenetic analysis using average nucleotide identity (ANI), which also provided insight in their genetic diversity within the Rhizobium taxon.
Introduction
Rhizogenic agrobacteria are Gram-negative soil bacteria and the causal agent of hairy root disease (Binns 2008) . Hairy roots are highly branched and covered with root hairs (Nilsson and Olsson 1997) . The natural transfer of DNA carrying the rol (root oncogenic loci) genes from the bacterium to the plant triggers root induction (Chilton et al. 1982) . These genes are part of the plast (phenotypic plasticity) gene family because of their ability to influence and modify plant growth (Otten 2018) . Due to the enhanced growth rate of hairy roots and their stability in culture, they form the basis of multiple biotechnological applications such as the production of secondary plant metabolites in bioreactors (Guillon et al. 2006; Ono and Tian 2011) . Regeneration of hairy roots results in natural transgenic plants bearing the Ri phenotype (Casanova et al. 2005) . Characteristics of this phenotype include changes in apical dominance and rooting ability, shortened internode length, wrinkled leaves, and early flowering (Tepfer 1984) . The shortened internode length is of interest to plant breeders because plants with the Ri phenotype are often stunted and can serve an important role in generating compact plants (Christensen and Müller 2009) . A bonus for breeders is that plants obtained from co-cultivation with wild-type strains are not considered genetically modified (gm) organisms in a European context (European Union 2001) and cannot carry vector artifacts such as antibiotic resistance genes or vector backbone sequences.
To benefit from transformation with wild-type rhizogenic agrobacteria, having an optimized protocol for co-cultivation is imperative. Important steps in the development of a cropspecific co-cultivation protocol are the selection of a Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00253-019-10003-0) contains supplementary material, which is available to authorized users. pathogenic strain and using the bacteria in a virulent state for the co-cultivation.
There is an abundance of wild-type strains that differ from each other in terms of host plant range and virulence (Porter and Flores 1991) . Pathogenic strains possess the Ri plasmid (root-inducing plasmid). The transferred DNA is contained within the transfer DNA (T-DNA) region of the Ri plasmid and contributes to the biosynthesis of opines, which can serve as an energy and nitrogen source supporting bacterial growth and survival (Moore et al. 1997) . The structure of the Ri plasmid varies depending on the bacterial strain. Parts of the Ri plasmid that are found in all types of strains include the virulence region (vir-region), which is imperative for the pathogenicity of the bacterium, the opine catabolism region, and an origin of replication (ori).
Strain classification is based on biochemical differences, structural differences, or on a taxonomic level. The taxonomy of the bacteria causing hairy root is complex and the names of these bacteria have changed several times. For many years, they were classified in the genus Agrobacterium. Biovars were defined for both tumorigenic and rhizogenic strains (Keane et al. 1970; Ridé et al. 2000) based on numerical analysis of phenotypic features, and the results of the tests were resolved in three distinct groups. Under this grouping, all rhizogenic strains were either biovar 1 or biovar 2 (Veena and Taylor 2007) . Biovar 3 is known as Rhizobium vitis (Ridé et al. 2000) . The bacterial taxon Agrobacterium tumefaciens displays a too large genomic divergence to be a single species and must be considered a complex of distinct genomic species, currently named genomovar G1 to G9 and G13 (Costechareyre et al. 2008) . Furthermore, the presence of the pathogenicity factors on a mobile plasmid implied that the names in the genus Agrobacterium were meaningless. The last taxonomic revision amalgamated all Agrobacterium species in the genus Rhizobium (Young et al. 2001 (Young et al. , 2003 and this reclassification was accepted in the comprehensive list of names of plant pathogenic bacteria (Bull et al. 2010) . Rhizogenic strains are now classified in Rhizobium radiobacter (Ri plasmid-carrying biovar 1) and in Rhizobium rhizogenes (Ri plasmid-carrying biovar 2). However, more recent studies appear to favor the preservation of the genus Agrobacterium backed by strong genetic and genomic evidence (Gan and Savka 2018 ). An alternative for bacterial classification uses the average nucleotide identity (ANI) (Yoon et al. 2017) . Every strain can be classified on a taxonomical level, assigning them in the correct species. However, the nontaxonomic terms rhizobia or agrobacteria can easily be used to describe the biological lifestyles of symbiotic root-nodule nitrogen-fixation or plant pathogenicity (Weir 2013) .
Two distinct subtypes are made based on structural differences found in the T-DNA region of the plasmid (Veena and Taylor 2007) . Single T-DNA type strains contain an uninterrupted T-DNA fragment in which both rol genes and opine biosynthesis genes are present. Four opine types are distinguished: agropine, cucumopine, mannopine, and mikimopine (Davioud et al. 1988; Moore et al. 1997) . Split T-DNA type strains have two separate T-DNA fragments, termed the T L -DNA (left T-DNA) and the T R -DNA (right T-DNA) (Nilsson and Olsson 1997) . Both these fragments contain a different set of genes (Pavlova et al. 2014) . rol genes are located on the T L -DNA. The opine biosynthesis genes (agropine, mannopine, mikimopine and cucumopine synthase genes, see Vladimirov et al. (2015) for a full review) are located on the T R -DNA. Other genes that might contribute to rhizogenesis, and also found on the T R -DNA of agropine type strains, are rolB TR , a rolB homolog, and the auxin biosynthesis genes aux1 and aux2 (Bouchez and Camilleri 1990; Veena and Taylor 2007) . Another frequently used classification for rhizogenic strains is based on the chemical structure of opines produced by infected and transformed hosts (Vladimirov et al. 2015) .
It is generally accepted that the concentration of a bacterial suspension is an important factor which influences transformation efficiency (Paz et al. 2006) . The concentration of the inoculum is correlated with the growth of the bacteria. Consequently, suspensions during the exponential growth phase are preferred because of their higher infection ability (Li et al. 2017) . When developing a transformation protocol, the optimal density can vary depending on plant species and the strain. For example, Hiei et al. (1997) found that relatively high inoculum concentrations were required for successful transformation of japonica rice cultivars, whereas Giovannini (2006) found that low inoculum densities are sufficient for efficient transformation in Helichrysum sp. Bacterial suspensions for co-cultivation are often prepared by conditioning the bacteria in a liquid medium. The suspension is then either used immediately for infection or diluted in a specific ratio and allowed to grow for a second period (Vyas and Mukhopadhyay 2014) .
After a period of co-cultivation, antibiotics are used to eliminate bacteria at certain steps in the transformation procedure of non-gm transformants (i.e., hairy root regenerants). Important parameters are the choice of antibiotics, concentration, and the application method. Antibiotics that are commonly used are cefotaxime and timentin. These are both cephalosporin antibiotics which influence bacterial cell wall synthesis (Danilova and Dolgikh 2004; Hamilton-Miller et al. 1978; Karami 2008; Nauerby et al. 1997) .
This paper reports on the investigation of the pathogenic and molecular properties of different wild-type rhizogenic Rhizobium strains frequently used in plant transformation. The characterization included the cultivation, the testing of transformation conditions, and the assignment to the Rhizobium genus using FastANI analysis. Our results illustrate high variability in capacity to induce hairy roots and reveal significant genetic diversity among the strains.
Material and methods

Strain collection
Rhizogenic bacterial strains covering all different opine types (Vladimirov et al. 2015) were selected based on their frequency of use in published research, pathogenicity, and availability in collections. In total, 10 wild-type strains of rhizogenic agrobacteria were obtained for testing: Arqua1, N C P P B 2 6 5 9 , L M G 1 5 0 , L M G 1 5 2 , AT C C 1 5 8 3 4 , MAFF210266, MAFF301724, A.1.2.5, LMG63, and LMG149. Strain information is provided in Table 1 . Bacterial stock cultures were stored at − 80°C in 10 mM sodium phosphate (NaH 2 PO 4 ) buffer solution with 20% glycerol.
Growth conditions for bacteria
Growth conditions were identical for all strains. They were cultured on yeast extract glucose agar (YEG), containing glucose (1% w/v), yeast extract (1% w/v), (NH 4 ) 2 SO 4 (0.1% w/v), KH 2 PO 4 (0.025% w/v), and solidified by Bacto-agar (1.5% w/ v). Cultures on a solid medium were produced by dilution plating of 10-μl stock culture and incubation until individual colonies of (appropriate) size were formed (48 h for NCPPB2659, MAFF210266, MAFF301724; 60 h for Arqua1, LMG150, LMG152, and A.1.2.5; 72 h for ATCC15834 and LMG63; 96 h for LMG149). Liquid bacterial cultures were produced by transferring a single colony into 100 ml of liquid YEG (at room temperature) in a 500-ml bottle. Incubation of liquid cultures was done at 28 ± 1°C in the dark on a horizontal shaker at 175 rpm (Innova4230, New Brunswick Scientific, Rotselaar, Belgium).
Genetic characterization of the strains B a c t e r i a l D N A w a s i s o l a t e d w i t h a C TA B (hexadecyltrimethylammonium bromide)-based DNA extraction protocol according to Wilson (2001) . DNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (Isogen Life Sciences, Utrecht, The Netherlands). DNA was diluted to a final concentration of 15 ng μl −1 for PCR reactions. Whole-genome sequencing (WGS) of 10 bacterial genomes was done, 8 of which at BGI Genomics Co., Ltd. (Shenzhen, China) and 2 by Admera Health (South Plainfield, USA). Since the genomes from NCPPB2659 and ATCC15834 are already publicly available in GenBank (Accession GCA_001649535.1 and GCA_000705135.2, respectively), the WGS from these strains was used for calculations of the average nucleotide identity (ANI). A paired-end (PE) PCR-free TruSeq DNA library with 2 × 150 bp reads was constructed for each strain and sequenced on an Illumina qPCR assay for detection of biovar1 strains conducted according to Bosmans et al. (2016a) HiSeq4000 platform resulting in approximately 100× coverage per strain. After sequencing and demultiplexing, adaptor sequences were removed by the provider. Shovill software (https://github.com/tseemann/shovill, version 0.9.0) was used for de novo assembly and Blobtools (Laetsch and Blaxter 2017 ; version 1.0) for decontamination. Genome assembly metrics were calculated using Quast (Gurevich et al. 2013 ; script version 4.5). CheckM v1.0.8 (Parks et al. 2015) was used to assess the completeness of the draft genomes. Contigs were used for ANI calculations using the FastANI script v1.1 (Jain et al. 2018 ; script version 1.1; https://github. com/ParBLiSS/FastANI) ( Table 2 ). All publicly available WGS data of rhizogenic Rhizobium strains (K599, NCPPB2659, YR147, OK036, NBRC13257, CF262, CF263, ATCC15834, OV677) and of type strains of R. radiobacter (B6 and LMG 140), Rhizobium vitis NCPPB3554, and Rhizobium fabrum strain C58 were included in the analysis (Supplemental Table S1 ). To improve the result of the FastANI, the genome of biovar 1 strain GBBC3284 (isolated at ILVO from tomato plants exhibiting hairy roots) was sequenced by Admera Health (South Plainfield, USA) using a KAPA Hyper PCR-free library and added to the analysis. A heatmap with hierarchical clustering and complete linkage dendrogram was made in R v3.5.2 using RStudio v1.1.463 with the heatmap2 package of the gplots library. The R script is available at https://gitlab.com/ stevebaeyen/agrobacterium. Contigs were also submitted to the Patric (v3.5.22) comprehensive genome analysis service (Wattam et al. 2017 ). This whole-genome shotgun project has been deposited at DDBJ/ENA/GenBank as BioProject SRA accession number PRJNA521484 (Supplemental Table S2 ). Additionally, the genome of ATCC15834 was sequenced by Admera Health (South Plainfield, USA) using a KAPA Hyper PCR-free library. The procedure for this WGS was identical as described previously. The obtained ATCC15834 draft genome was used for pairwise comparison with the draft genomes of ATCC15834 (GenBank accession GCA_000705135.2) and LMG152 (own WGS data) using FastANI. The pairwise comparison was visualized using multiple alignment of conserved genomic sequence with rearrangements (Darling et al. 2004 ) (Supplemental Fig. S1 ).
For identification of the individual strains, presence of the virulence gene virD2 and the ipt gene was evaluated using the PCR protocol according to Haas et al. (1995) with a Ta (annealing temperature) of 56°C. The Ti plasmid containing strain LMG187 was used as a positive control, water as negative control. All samples were loaded on agarose gel and stained with ethidiumbromide. For confirmation, a tBlastn with ipt (Acc. No. U83987) and virD2 (Acc. No. X12867) on the WGS data was done in Patric. To identify the plasmid type, rol genes were identified with a Blast search using rol A, B, C, and D of pRiA4 (Acc. No. K03313), pRi1724 (Acc. No. AP002086), pRi8196 (Acc. No. M60490), and pRi2659 (Acc. No. EU186381). Protein sequences of the rol genes were concatenated and aligned for all strains. In CLCbio, a neighbor-joining tree was constructed using the JukesCantor protein distance measurement to identify the difference in the Ri plasmids (by means of the rol genes) because of the importance of these genes in plant transformation protocols. To identify biovar 1 type rhizogenic agrobacteria, the qPCR assay of Bosmans et al. (2016a) was performed on a LC480 (Roche Diagnostics, Vilvoorde, Belgium) starting from 15 ng of DNA in a total volume of 10 μl, containing 5 μl Sensi™ SYBR® No-Rox and 0.2 μM of both primers. Cycling conditions were 2 min at 95°C, followed by 40 cycles of 5 s 95°C, 10 s 59°C, and 20 s 72°C. Data acquisition was done at the end of every cycle. Melting curve analysis was performed as follows: 5 s 95°C, 1 min 60°C, and heating to 95°C with a ramp rate of 0.06°C/s. Data acquisition occurred 10 times for every°C. Data were analyzed using the LightCycler480 software version 1.5 (Roche Diagnostics, Vilvoorde, Belgium).
Strain pathogenicity and virulence in Daucus carota bioassay
All strains were tested for their pathogenicity in an in vitro bioassay using Daucus carota L. as host plant. The proposed definitions of pathogenicity and virulence of Thomas and Elkinton (2004) are further used as follows. The pathogenicity of a strain is the ability to infect and cause disease, as reflected by the proliferation of hairy roots (qualitative). Virulence of the strain is based on the severity of the disease, measured in a quantitative manner. The protocol for infection was developed according to Ryder et al. (1985) with some modifications. Organically grown carrots were used as host plant. Carrots were washed in running water and peeled. The carrots were surface sterilized as follows. First, the roots were submerged in 70% ethanol for 1 min and left to dry for 30 s. Afterwards, the carrots were flamed superficially for 30 s. The top and bottom end of the root was removed before slicing the carrot in 0.5-cm-thick discs. Every disc was further cut into a pentagon-like shape and then transferred to a medium only consisting of 1% w/v micro-agar. Discs were placed with the root apical direction facing up. Bacteria were grown on solid YEG as described previously in growth conditions for bacteria. An inoculation suspension was prepared by transferring a full inoculation loop of bacteria into 1 ml of distilled sterile water. Each disc was inoculated with 10 μl of bacterial suspension, placed in the middle of the disc. Ten carrot discs were used per strain. Control group discs were inoculated with 10 μl of distilled water. Discs were incubated at 23 ± 1°C in light (84 ± 6 μmol m −2 s −1
). Preliminary experiments showed that after 8 weeks no new hairy roots were formed (data not shown). Therefore, the virulence (the percentage of carrot root discs showing hairy root formation in function of time) was recorded during 8 weeks. Based on these data, a root formation index (RFI) was calculated for each strain as the ratio between the maximum percentage of root discs with hairy roots and the number of weeks post-inoculation (p.i.) at which this maximum was reached.
Bactericidal effect of antibiotics
To check the susceptibility of the bacterial strains for the commonly used antibiotics, a full inoculation loop of a culture grown on a solid medium was collected and dispersed in 1 ml 10 mM NaH 2 PO 4 buffer solution. The bacteriaenriched buffer was homogenized and 100 μl of this solution was spread on solid YEG containing 500 mg l −1 cefotaxime and 100 mg l −1 timentin. Plates were incubated at 28 ± 1°C
for 4 weeks in the dark. This was repeated twice for each strain. The tellurite test was used as positive control treatment.
A full inoculation loop of a culture grown on a solid medium was collected and dispersed in 1 ml 10 mM NaH 2 PO 4 buffer solution and 100 μl of this solution was spread on solid YEG amended with 70 mg l −1 tellurite (K 2 TeO 3 ). Only a select few types of bacteria, among which Rhizobium spp. display shiny, convex colonies with a characteristic black pigmentation when grown on this medium (Bosmans et al. 2017; Wise et al. 2006) . The negative control treatment consisted of YEG containing 500 mg l −1 cefotaxime and 100 mg l
timentin and inoculated solely with buffer solution. After 4 weeks of incubation, the plates were visually screened for bacterial growth. To exclude the latent presence of viable bacteria, an inoculation loop was scraped over the plate's surface. Possible inoculum collected by the loop was transferred to 2 ml of liquid YEG and grown for 72 h at 28 ± 1°C. Cultures were centrifuged (5 min, 20.000g), supernatant was removed, and the pellet was resuspended in 100 μl 10 mM NaH 2 PO 4 and plated on YEG containing 70 mg l −1 tellurite.
After 72 h of incubation (28 ± 1°C), the presence of black colonies was evaluated. This experiment was repeated for strains which displayed latent presence using two different concentrations of antibiotics. The same concentration was compared with a treatment of 750 mg l −1 cefotaxime and 150 mg l −1 timentin.
Determining the exponential growth phase
Based on insufficient growth and the results of the pathogenicity and antibiotics test, 5 strains were excluded from further experiments. For the remaining 5 strains (Arqua1, NCPPB2659, LMG150, LMG152 and ATCC15834), growth curves were assembled in 3 consecutive steps.
To determine the exponential growth phase a liquid culture of each strain was initiated as mentioned previously except for ATCC15834, which was first grown on solid YEG for 72 h at 28 ± 1°C in the dark. A full inoculation loop was collected and transferred to 10 ml liquid YEG. This pre-culture was incubated for 60 h, allowing the bacteria to reach stationary growth. Five hundred microliters of the pre-culture was used as inoculum for the liquid culture. Measurements were done every 4 h over a period of 36 h, including (1) a plate count of a 10-fold dilution series and (2) a measurement of the optical density (OD 600 ). The dilution was made in 450 μl 10 mM NaH 2 PO 4 buffer solution. Dilutions ranging from 10 −1 to 10 −9 were plated. Plating volume was 100 μl for all dilutions and was spread by using sterile glass beads (diameter 2.5 mm, Carl Roth GmbH+Co.KG, Karlsruhe, Germany). Plate counts yielding a number of colonies between 10 and 350 were regarded as reliable counts for calculating the number of colony forming units (CFU) per ml (Sutton 2011) . OD 600 was measured by collecting a sample (300 μl) of the bacterial suspension at each time point and subsequent analysis at 600 nm using a spectrophotometer (iMark, BioRad, Temse, Belgium). Liquid YEG was used as a blank reference for OD analysis. Based on this growth curve an interval for the exponential growth phase (including 5 × 10 7 until 5 × 10 8 CFU ml
) was selected for every strain tested. Within this interval, a plate count of a 10-fold dilution series and a measurement of the optical density (OD 600 ) were done every hour, with a maximum of 32 h p.i. as mentioned before. Alongside these measurements, regression analysis was done for bacterial growth (CFU ml ) and optical density (OD 600 ). To confirm the reproducibility of the growth curve and regression, new liquid cultures were started in four replicates for each strain. Based on the regression, an OD 600 value corresponding with approximately 1.10 8 CFU ml −1 was calculated for each strain. Based on the growth curve, the time needed to reach this OD 600 was estimated. OD 600 was measured every half an hour in an interval of 4 h around this time point. When the liquid cultures reached the desired OD 600 , a dilution series was plated as described before. The measurements were accurate when they fell into the 95% prediction interval designed for the regression curve.
Selection of bacterial density for rol gene transformation
To evaluate the effect of bacterial density on transformation efficiency, 3 different bacterial concentrations (0.5 × 10 8 , 1.0 × 10 8 and 5.0 × 10 8 CFU ml −1 ) were tested on Daucus carota L. for bacterial strains Arqua1, NCPPB2659, LMG150, LMG152, and ATCC15834. These values were recalculated to OD 600 values by the earlier obtained regression curve (Supplemental Table S3 ). Carrot root discs were prepared similarly as described above. Ten carrot discs were used per strain. From a stationary phase culture, an inoculum of 50 μl was transferred to 50 ml liquid YEG and further incubated until exponential growth. The liquid culture in exponential growth was centrifuged (5 min, 3000g 
Results
Strain characterization
Taxonomic analysis of a set of rhizogenic strains using FastANI revealed a dichotomous structure (Fig. 1 , Supplemental Table S4 ). On the first branch, strains ATCC15834, LMG150, LMG152, LMG149, LMG63, A.1.2.5, CF262, CF263, and NBRC13257 were assigned to a monophyletic cluster. ANI values within this cluster are above the 96% cut-off limit for species delineation (Richter and Rossello-Mora 2009). Strain OV677 was clearly more distant. Within the second branch, two major monophyletic clusters are present: (1) Arqua1 and C58 are in one cluster; (2) MAFF210266 and the equivalent strains NCPPB2659 and K599 are attributed to another cluster. Also, the rhizogenic strain isolated from tomato root mat (GBBC3284) is assigned to this branch, grouping the rhizogenic biovar 1 strains together. The qPCR assay for the detection of rhizogenic biovar 1 strains associated with root mat also resulted in amplification of NCPPB2659, MAFF210266, and MAFF301724 (Supplemental Table S5 ). Cq (quantification cycle) values of the remaining seven strains were much higher (Cq range 25.18-28.91) and these values were considered nonspecific amplification because of deviating Tm (melting temperature). R. vitis strain NCPPB3554 did not show any homology above 79% with the other strains and also strains YR147 and OK036 are more distant from the other strains within this branch.
All ten strains (Table 1) were rhizogenic (carrying the Ri plasmid) and not tumorigenic as they were positive for the presence of the virD2 gene and negative for the ipt gene following agarose gel electrophoresis (Supplemental Fig. S2 ). In silico analysis in Patric confirmed these results, except for strain A.1.2.5, which did not harbor the virD2 or the ipt gene. No rol genes were found in strain A.1.2.5 either. For the other nine strains, all four rol genes could be annotated (Supplemental Fig. S3 and Supplemental Table S2 ) and classified into four different groups (Fig. 2): (1) The equivalent strains ATCC15834 and LMG152 have identical rol genes, together with Arqua1, indicating these bacteria might all carry the pRiA4 plasmid. (2) A second group of plasmids was found in the MAFF strains that have rol genes identical to the pRi1724 plasmid and differ slightly from rol genes found on (3) pRi2659 of NCPPB2659. (4) The last group consists of LMG63, LMG149, and LMG150 which all have rol genes identical to the pRi8196 plasmid.
Pairwise comparison of the ATCC15834 draft genome (own WGS data) and ATCC15834 (GCA_000705135.2) used as reference genome resulted in a FastANI similarity index of 99.9996%.
Strain pathogenicity in Daucus carota bio-assay
To test the pathogenicity of the selected strains, a bio-assay using carrot root discs was used. Differences in total hairy root mass, branching, and proliferation of hairy roots were observed. Virulence increased with time (Fig. 3) . Most of the bacterial strains had a maximum virulence of 80%. Arqua1, LMG152, and LMG149 showed a virulence of 40, 100, and 90%, respectively. A.1.2.5 did not induce hairy root growth and carrot discs were in appearance comparable with the control treatment that produced green callus-like tissue (Fig. 4) . Strains arranged by RFI from lowest to highest are: Arqua1 (5.0), NCPPB2659 (11.4), LMG150 (13.3), MAFF301724 
Bactericidal effect of antibiotics
For all strains except MAFF301724, the combination of the antibiotics cefotaxime (500 mg l −1
) and timentin (100 mg l −1 ) appears to be sufficient to inhibit bacterial growth. The positive control treatment displayed good growth for all strains on YEG containing 70 mg l −1 tellurite. Bacterial growth was absent in the negative control treatments. When the antibiotics enriched plates were tested for latent presence of bacteria, only strains MAFF210266 and MAFF301724 produced colonies. This experiment demonstrates that the combination of 500 mg l −1 cefotaxime and 100 mg l −1 timentin is sufficient to eliminate rhizogenic agrobacteria in a transformation procedure. However, this combination of antibiotics in the current concentration is not sufficient to eliminate strains MAFF301724 and MAFF210266, although the latter is only latently present. No latent presence was found if the concentrations of both antibiotics were increased with 50%, suggesting that the survival of both strains at standard concentrations is dosage dependent.
Determining the exponential growth phase
Strains could be divided based on the start of their exponential phase (including 5 × 10 7 until 5 × 10 8 CFU ml
). For strains Arqua1 and NCPPB2659, the exponential phase has started before 15 h in culture, while for strains LMG150, LMG152, and ATCC15834, the onset of the exponential growth starts later (> 15 h) (Supplemental Fig. S4 and Supplemental Table S6 ). This results also in a higher concentration (CFU ml −1 ) for the strains Arqua1 and NCPPB2659 at the end of a 36-h interval compared with the slower growing bacterial strains LMG150, LMG152, and ATCC15834.
Next, the exponential growth phase was investigated; more detailed and regression analysis was done based on the number of colony forming units and optical density (OD 600 ). A strong positive correlation was found between these parameters, with R 2 values ranging from 0.933 to 0.997 (Fig. 5) . Finally, the regression was validated. Cell density of 1 × 10 8 CFU ml −1 was regressed to corresponding OD 600 0.108, 0.072, 0.103, 0.142, and 0.182 for Arqua1, NCPPB2659, LMG150, LMG152, and ATCC15834, respectively. This demonstrates that OD 600 for the same cell density can be variable among strains. All four measurement points per strain fall in the prediction interval (95%), except for LMG152, in which one out of four points did not fit.
Selection of bacterial density
In order to test three different cell densities (0.5 × 10 8 , 1 × 10 8 , and 5 × 10 8 CFU ml −1 ) for each strain, the corresponding OD 600 values were calculated from the regression curves (Supplemental Table S4 ). Bacterial cultures were grown until reaching these OD 600 values and then used for root disc infection. Hairy roots were formed on all root discs, except on the controls. Cell density has a pronounced effect on the number of hairy roots being formed. The highest average number of hairy roots was for NCPPB2659 (18.0) at 1 × 10 8 CFU ml
and ATCC15834 (14.6) at 0.5 × 10 8 CFU ml −1 ) ( Table 3) .
Only for NCPPB2659 and LMG152, the cell density had a significant effect on the amount of hairy roots, with a density of 1 × 10 8 CFU ml −1 being optimal. Also, the total number of hairy roots formed when using ATCC15834 was overall high compared with the other strains, and this across all densities tested. In contrast to the number of hairy roots formed, no statistically significant effect of cell density on the emergence of hairy roots was observed (Table 3) . This is true for all five strains tested. Among the strains, three emergence groups were statistically distinguishable. ATCC15834 hairy roots emerge the fastest with an average of 2.4 weeks p.i. The second group consists of strains NCPB2659, LMG150, and Arqua1 with averages of 3.7, 4.0, and 4.6 weeks p.i., respectively. A last group of strains Arqua1 and LMG152 was the slowest with averages of 4.6 and 5.3, respectively.
Discussion
In this paper, it is shown that the Rhizobium strains ATCC15834, LMG150, LMG152, LMG149, LMG63, and A.1.2.5 belong to a monophyletic cluster which corresponds with the species R. rhizogenes or rhizogenic type biovar 2. The biovar 2 type strains studied contain a Ri plasmid, with the exception of strain A.1.2.5, that generated non-conclusive results. According to Puławska et al. (2016) , A.1.2.5 is a nonpathogenic R. rhizogenes strain isolated from crown galls of Prunus mahaleb. Bosmans et al. (2016a) reported A.1.2.5 as rhizogenic under the name of ST15.13/089. Taking into account the rol genes as a determinant for the Ri-type plasmid, a similar clustering of the biovar 2 strains was discerned, although clearly two different plasmid types are present (pRiA4 and pRi8196). The strains Arqua1, NCPPB2659, MAFF210266, and MAFF301724 belong to a cluster related to biovar 1. Arqua1 is confirmed to contain the pRiA4 plasmid but clusters with C58 in the FastANI. This was expected since Arqua1 has the chromosomal C58 background supplemented with the pRiA4 plasmid (Jouanin et al. 1987; Quandt et al. 1993) . In contrast with the cluster of biovar 2 strains, it appears that the biovar 1 group is genetically more diverse. A small cluster consists of NCPPB2659 and MAFF210266, which are both rhizogenic biovar 1 type strains, also known as R. radiobacter carrying a Ri plasmid (Bosmans et al. 2017 ).
Another biovar 1 strain, MAFF301724, is in the same branch but as a different species, which is also the case for the biovar 1 strain isolated from tomato (GBBC3284). In contrast, rol genes present on the Ri plasmids of the biovar 1 strains are much more conserved compared with biovar 2 plasmids. In silico analysis of the rol genes identified the presence of four plasmid types (pRiA4, pRi2659, pRi8196, and pRi1724) in the tested strains, all of which contain all four rol genes. This is not in agreement with Britton et al. (2008) who have shown that agropine (pRiA4), cucumopine (pRi2659), mannopine (pRi8196), and mikimopine (pRi1724) type strains contain rolA, rolB, and rolC, but state that rolD is an agropine strain feature only. Our results indicate that the presence of rolD is not limited to agropine-type strains.
Although all strains were confirmed to be rhizogenic and contained the Ri plasmid, not all strains appeared pathogenic as A.1.2.5 did not induce hairy roots in the carrot disc assay. Considering all data, it appears that A.1.2.5 is a non-oncogenic, opine-utilizing strain (Merlo and Nester 1977) .
Of the pathogenic strains, Arqua1 was distinctive because of its poor virulence (40%). It has been suggested that the genomic C58 background and interaction with the pRiA4 plasmid is responsible for the poor virulence (Gelvin 2003) . Not all strains infect the host plant equally fast. Since a shorter infection period is preferred for plant transformation studies, the time needed to reach the maximum pathogenicity was also analyzed and calculated as a root formation index (RFI) assigned to each strain, ranging from 5 to 20. Strains with a high RFI infect more explants per time unit and as such, indicate a highly efficient infection process. Based on RFI values, there does not seem to be any relationship between virulence and the biovar or opine type of the strain. Strain ATCC15834 (biovar 2, agropine type) has the highest RFI (20.0) followed by that of MAFF210266 (biovar1, mikimopine type) and LMG63 (biovar2, mannopine type) (both with a RFI of 16.0). Similarly to our results, Bivadi et al. (2014) compared strains (A4, ATCC11325 (equivalent strain LMG150), and ATCC15834) for infection of Hypericum perforatum L. and the highest rate was achieved when using ATCC15834. Giri et al. (2001) tested the strains A4, ATCC15834, K599 (equivalent strain NCPPB2659), LBA9402, 9365, and 9340 based on their ability to induce hairy roots on Artemisia annua L. and found LBA9402 to be the most virulent strain, while ATCC15834 was less virulent compared with K599. Porter and Flores (1991) stated that although there seems to be no relationship between the opine produced by a strain and its infectious potential, the majority of highly virulent strains belong to the agropine type. Today, this is reflected by the frequency at which agropine-type strains are used in research (Ahmadi Moghadam et al. 2014; Christensen and Müller 2009) . Virulence of the agropine type of strain might be explained by its split T-DNA structure and the presence of additional oncogenes such as the aux genes (Nemoto et al. 2009 ). Since the right and left T-DNA region can be transferred and integrated independently to the host plant, these strains could profit from a greater variety of infection mechanisms (Vilaine and Casse-Delbart 1987) .
The virulence differences between strains is mostly based on differences found in the Ri plasmid, the specific interaction between host plant and strain, and also the specific interaction of the plasmid with the chromosomal background of the strain (Gelvin 2003; Tiwari et al. 2007 ). However, LMG152 and ATCC15834 have 100% FastANI similarity and also share agropine-type rol gene nucleotide sequences but their virulence both in terms of RFI (14.3 vs 20.0) as well as hairy root production varies greatly. At a cell density of 1 × 10 8 Table 3 Effect of cell density (CFU ml −1 ) on the number of hairy roots formed (#HR) and emergence (number of weeks post-inoculation at which hairy roots first formed) for different bacterial strains (mean ± standard deviation, n = 10) Cell density (CFU ml , ATCC15834 produces approximately four times more hairy roots than LMG152 and twice as fast. These differences were also observed on other host plants belonging to different plant families (personal unpublished data). The possibility of major deletions or loss of the Ri plasmid is ruled out since events of this magnitude would be visible in the ANI result and both strains were shown to be virulent. Since these strains are designated equivalent strains, an additional conformation step was conducted by performing pairwise comparison based on FastANI of WGS data we collected from our stock culture of ATCC15834 with publicly available WGS data from GenBank. This resulted in a 99.9996% similarity index, confirming that no major deletions have taken place during storage and prolonged culture of the strain. A possible explanation for this intra-strain variability is that a specific form of genetic-or plasmid-related change occurred. Melhus et al. (1998) also found intra-strain virulence differences in Haemophilus influenzae and suspected this to be associated with differences in lipopolysaccharide (LPS) components. Moreover, a study of Agrobacterium LPS profiles by Arafat et al. (2009) has shown that stress-induced LPS alteration is possible and that this resulted in attenuated virulence for several strains of Agrobacterium rhizogenes and A. tumefaciens.
The individual growth speed of a strain has to be taken into consideration when performing transformation experiments, as this requires the bacteria to be in a specific growth phase. Biovar 1 strains Arqua1 and NCPPB2659 reach exponential growth earlier compared with biovar 2 strains LMG150, LMG152, and ATCC15834. In the assembled growth curves of strains Arqua1, NCPPB2659, LMG150, LMG152, and ATCC15834, the different growth phases were defined and linear regression was performed on the exponential growth phase. Hence, the growth curves can be used to predict the cell density simply based on the OD 600 readings. Petrova et al. (2013) investigated the effect of nine different bacterial densities of strain ATCC15834 ranging from an OD 600 of 0.3 to 1.5 on root transformation in Arnica montana L. They concluded that low densities generally do not initiate hairy root formation, while high densities cause overgrowth of the bacteria with rapid degeneration of the explants. This indicates the importance of this parameter on the overall efficiency of the transformation protocol and that bacterial density in the medium range (0.7 to 0.9) generally leads to the best results. Kumar et al. (1991) also found an influence of bacterial concentration on the formation of hairy roots. Although OD 600 values ranged from 0.4 to 1.2 in literature (Cao et al. 2009; Nourozi et al. 2014) , most of the plant transformation experiments published, make use of an OD 600 of 0.6 which could be considered as a medium range value (Christensen et al. 2008; Falasca et al. 2000; Kabirnataj et al. 2016; Liu et al. 2016; Ooi et al. 2013; Wu et al. 2012; Zhang et al. 2015) . However, the medium range values do not always correspond with a suspension in exponential growth, which implies that some virulence could be lost due to using an OD 600 of 0.6. This is indeed the case for strains Arqua1, NCPPB2659, LMG150, and LMG152 whereby the optimal OD 600 is drastically lower than 0.6. Clough et al. (1997) demonstrated that vir genes are expressed differentially during the exponential growth phase of Ralstonia solanacearum. In the exponential growth phase, upregulation of vir genes can positively influence the colonization and infection of the host plant. McIver et al. (1995) have shown that the expression of virulence-related genes in Streptococcus pyogenes is maximal in the exponential growth phase, and this was later confirmed by Unnikrishnan et al. (1999) . Also, reports indicate that certain monosaccharides are able to strongly induce vir genes of A. tumefaciens (Ankenbauer and Nester 1990; Lee and Gelvin 2008) . The highest consumption rate of sugars is when bacteria are in exponential growth, which in turn could amplify the sugar-mediated induction of vir genes. Since the goal in transformation protocols is to use the bacteria in its most virulent state, using an inoculum in active exponential growth can maximize the change of successful transformation (Mariya John et al. 2009 ).
Antibiotics eliminate bacteria from the plant culture after transformation and co-cultivation. The commonly used antibiotics are cefotaxime (500 mg l ) and timentin (100 mg l −1 ) were not active against MAFF210266 and MAFF301724. M A F F 30 1 72 4 w a s a bl e to g r ow o n Y E G br o t h supplemented with cefotaxime and timentin, whereas latent presence was observed on the medium after antibiotic treatment for both of these strains. Bosmans et al. (2016b) have observed biofilm formation for strain MAFF301724 that would inhibit initial contact between vulnerable cells and the antibiotic agent. However, since the bacterial cells are added to YEG broth already containing antibiotics well before a biofilm could be established, this rules out the interference of a biofilm on the survivability of the bacteria. Another explanation would be the inoculum density that was used and subsequently that the optimal concentration of antibiotics needed to eliminate bacteria might be a strain-dependent phenomenon (Priya et al. 2012 ). This hypothesis is reinforced by our observation that biovar 1-type strains reach higher cell densities after the same amount of time in culture than biovar 2-type strains. Indeed, increasing the concentration of both antibiotics proved to be a viable strategy to eliminate these strains. However, it is also known that antibiotics can have a pronounced effect on plant tissues (Haddadi et al. 2015; Silva and Fukai 2001) . As such, it would be important to check for phytotoxic effects on the plant tissue before increasing the antibiotics concentration.
A difference in emergence of hairy roots was observed in experiments with different strains but it was unaffected by the density of the inoculum. This suggests that the bacterial genotype (i.e. strain) is the prominent factor in the speed at which hairy roots are formed. Hairy roots on D. carota of ATCC15834 emerged the earliest, followed by NCPPB2659, LMG150, Arqua1, and LMG152. These strain-based differences were also observed in the literature. Tiwari et al. (2007) measured emergence in the number of days to hairy root induction. They found that the days taken for root emergence for strains R1000 and A4GUS was 25 and 27, respectively, while ATCC11325 (equivalent strain LMG150) was unable to induce any hairy roots. Pal et al. (2013) compared four strains, namely NCIB8196 (equivalent strain LMG149), A4, A4T, and LBA9402. Slight differences in the days to root emergence were found for NCIB8196, A4, and A4T, but strain LBA9402 induced hairy roots approximately twice as fast. Earlier, we defined the virulence of a strain as the severity of the disease which can be measured in a quantitative manner (Thomas and Elkinton 2004) . However, the nature of the measurement is decisive for the actual virulence of a strain. This is best exemplified by comparing results from the bioassay and the selection of the optimal bacterial density. At first, a RFI is calculated which is derived from the percentage of carrot discs showing hairy roots (quantitative) and the number of weeks needed to reach this percentage. Although this indeed serves as a quantitative measurement, it does not take into account the actual severity of the disease in question. Therefore, quantitative measurement for virulence should, in this case, consist of two important components: the number of carrot discs displaying formation of hairy roots and the number of hairy roots which are formed. Both of these criteria are covered in the selection of the optimal bacterial density since discs that do not form any hairy roots are still used to calculate the mean per density. Additionally, we found that bacterial density of Arqua1, NCPPB2659, LMG150, and LMG152 had a significant effect on the number of hairy roots and consequently the virulence of the strain. For ATCC1834, this effect was not observed. The number of hairy roots formed and emergence can also be influenced by the genotype of the host plant and the explant type that is used for transformation (Cao et al. 2009; Ooi et al. 2013; Weber and Bodanese-Zanettini 2011) . In this study, only one explant type was used and all carrots were from the same genotype.
In conclusion, the results from this study provide insight in the transformation efficiency of plants with wild-type rhizogenic agrobacteria. Genomic variation was observed with ANI among the collected strains confirming biovar classification. WGS data allowed for the detection of rol gene nucleotide sequences in all strains. Four types of rol genes were observed and correspond with rol genes of known Ri plasmids (pRiA4, pRi2659, pRi8196, pRi1724). Knowledge of the complete sequence of rol genes is highly valuable in the light of further use of these strains in transformation protocols. Moreover, genomic variation could be linked with specific characteristics, e.g., biovar 1 strains reach exponential growth at a faster pace compared with the biovar 2 strains. The differences in virulence and growth characteristics that were observed allow further use of selected strains for plant transformation in a standardized way. Next to this, testing antibiotics for their bactericidal effect per strain can prevent many problems in plant transformation experiments. By using the most virulent strain grown in optimal and standardized conditions applied in exponential growth at the optimal density a number of these variables can be standardized. This in turn, creates a strong comparative basis for other influencing variables related to the host plant such as host plant genotype and explant type.
